We demonstrate to image asymmetric molecular orbitals via high-order harmonic generation in a one-color inhomogeneous field. Due to the broken inversion symmetry of the inhomogeneous field in space, the returning electrons with energy in a broad range can be forced to recollide from only one direction for all the orientation angles of molecules, which therefore can be used to reconstruct asymmetric molecular orbitals. Following the procedure of molecular orbital tomography, the highest occupied molecular orbital of CO is satisfactorily reconstructed with high-order harmonic spectra driven by the inhomogeneous field. This scheme is helpful to relax the requirement of laser conditions and also applicable to other asymmetric molecules.
In past years, high-order harmonic generation (HHG) through the nonlinear interaction between an intense laser field and atoms or molecules has attracted considerable theoretical and experimental attention. This interest in HHG arises from its important applications.
For example, using HHG, one can obtain attosecond pulses [1, 2] , which offer robust tools for probing and controlling ultrafast electronic dynamics inside atoms [3] , molecules [4, 5] , and solids [6] [7] [8] . In addition, the emitted high-order harmonics in molecules contains a wealth of information about the structure of its generating medium. This has stimulated molecular orbital tomography (MOT) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , which provides potential applications in observing femtosecond electron dynamics in chemical reactions [20, 21] . The MOT was first proposed and demonstrated by Itatani et al. for imaging the highest occupied molecular orbital (HOMO) of N 2 [9] . Afterwards, it has been extended to more complex molecules, like CO 2 [12] and C 2 H 2 [13] . Recently, much attention has been paid to the asymmetric molecules such as CO [15] [16] [17] [18] . Nevertheless, the original procedure of MOT encounters difficulty for asymmetric molecules, since the MOT of asymmetric molecules usually requires the control of unidirectional recollision of the electron wave packets. It has been reported that the unidirectional recollision of electrons can be achieved by using extremely short phase-stabilized laser pulses (single-cycle) [15] . However, the requirement of these pulses is rather stringent for many laboratories. Then other methods, like using a two-color laser field and a two-color orthogonally polarized laser field have also been proposed [17, 18] . But these schemes rely on the control and stabilization of the carrier-envelope phase (CEP) and relative phase of the laser pulses. To further relax the requirement, more simple methods with a one-color driving laser pulse for MOT of asymmetric molecules are still desired.
Recently, HHG in the vicinity of nanostructures has attracted much attention. Due to the surface plasmon resonances within metallic nanostructures, the intensity of the incident laser field can be enhanced by several orders of magnitude [22] [23] [24] [25] [26] . The enhanced laser intensity easily exceeds the threshold intensity for HHG in noble gases. By using the bow-tie-shaped nanostructures, Kim et al. [22] first observed the plasmon-driven HHG in experiment. However, the outcome of Kim's experiment has been subject to an intense controversy due to the inefficient harmonic emissions which will be overpowered by plasma atomic lines [23, 24] .
Afterwards, the plasmon-driven HHG has been demonstrated in some other nanostructures [25, 26] . In the nanogap where HHG takes place, the enhanced field is spatially inhomogeneous. Driven by such an inhomogeneous field, the electron dynamics can be effectively controlled and the HHG in the nanostructures shows some novel characteristics [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , for example, the generation of even order harmonics, the selection of the quantum path and the extension of the harmonic cutoff. It has been demonstrated that the limited spectral range in homogeneous fields will give raise to some artificial structures in the reconstructed orbital [9] . In inhomogeneous fields, the harmonic cutoff extension permits denser sampling in the spatial frequency domain, which therefore would be more advantageous for MOT.
In this paper, we demonstrate to reconstruct asymmetric molecular orbitals based on HHG in a one-color inhomogeneous laser field. By using the inhomogeneous laser field, the returning electrons with the energy in a broad range can be efficiently controlled to recollide from only one direction when molecules are oriented at different angles. This permits the MOT for asymmetric molecules. With the harmonic spectra generated in the inhomogeneous field, the HOMO of CO is well reconstructed. The method using the onecolor inhomogeneous field to achieve MOT, does not need an ultrashort duration or a stable CEP of the driving pulse, which can extremely relax the requirement of laser conditions. We first demonstrate to control the electron dynamics by using a one-color inhomogeneous laser field. In our simulations, the spatial-dependent laser field is linearly polarized along the x direction, which is given by E(x, t) = E t (t)(1 + εx) [35] [36] [37] [38] . x is the position of the electron (x = 0 refers to the excursion of the parent ion). The parameter ε determines the strength of the spatial inhomogeneity of the laser field, ε = 0 corresponds to the homogeneous field. The electric field E t (t) is defined by E t (t) = E 0 f (t) sin[ω 0 t + φ 0 ] with E 0 , ω 0 and φ 0 the amplitude, angular frequency and CEP of the laser field, respectively. Here, we use an 800-nm laser pulse with the laser intensity I 0 of 1.2 × 10 14 W/cm 2 . The CEP φ 0 is chosen to be 0. f (t) is a trapezoidal envelope and the total pulse lasts for ten optical cycles with two-cycle turn-on and turn-off. The electric field is inserted in Figs we have calculated semi-classically the probability that an electron returns to the core with momentum k. The return probability is depicted based on two factors [40] . One is the tunnel ionization rate at the ionization time t i , which is calculated by the Molecular AmmosovDelone-Krainov model for oriented molecules [41] . The other factor is τ −3 , where τ is the time the electron spends in the continuum until the time of return. This factor reflects the effects of wave-packet spreading [42] . The calculated result in the homogeneous field is presented in Fig. 1(b) . From this figure, one can see that the maximum positive and negative momenta of the returning electrons are k ±1.3 a.u.. As a consequence, in the homogeneous field, the generation of each harmonic is attributed to the recollision of returning electrons from both the negative-x and positive-x directions. While in the inhomogeneous field [see Fig. 1(c) ], the electrons ionized around the negative peaks of the electric field leave towards the positive-x direction, and finally return to the parent ion with negative momenta. Since the electrons are accelerated by the electric field E(x, t) = E t (t)(1 + εx) whose effective peak amplitude increases along the positive-x direction, the electrons move farther away from the parent ion and gain more kinetic energies [36] [37] [38] . In this case, the maximum negative momentum of the returning electrons is about -2.9 a.u. [ Fig. 1(d) ], which is larger than that in the homogeneous case. This means a cutoff extension in the inhomogeneous field. On the contrary, the electrons ionized around the positive peaks of the electric field leave towards the negative-x direction, and finally return to the parent ion with positive momenta. In the negative-x direction, the effective peak amplitude of the laser field decreases with the electron excursion. The largest excursion distances of electrons are obviously suppressed.
The maximum momentum of the returning electrons from the negative-x direction is only about 1.1 a.u. [see Fig. 1(d) ], which is much smaller than that from the positive-x direction.
Due to the breaking of the inversion symmetry in the inhomogeneous field, the returning electrons with the momentum value above 1.1 a.u. are effectively controlled to recollide from only one direction (the positive-x direction).
To confirm the above analyses, we have calculated the harmonic spectra and the corre- mation with the second-order split-operator method [43] . We use the soft-core potential
[16]. Here Z 1i =6, Z 1o =0.6 and Z 2i =4, Z 2o =0.4 are the screened effective nuclear charges for the O center and the C center.
The subscripts i and o denote the inner and outer limits of Z 1 and Z 2 . R 1 and R 2 are the positions of the nuclei. ξ=0.5 and ρ=1/1.746 are the softening and the screening parameters.
The ground state is obtained by imaginary time propagation with this soft-core potential and the calculated ground ionization potential is 14 eV, agreeing well with the true value of CO. From Fig. 2(b) , one can see that within each optical cycle, there are two emission peaks (marked as P 1 and P 2 ) contributing to HHG, which just correspond to the recollision of electrons from both the negative-x and positive-x directions.
The maximum values of two emission peaks are at 25th harmonic, which corresponds to the maximum (positive and negative) momenta of the returning electrons, i.e., ±1.3 a.u..
While in the inhomogeneous field [see Fig. 2(d) ], the emission peak P 1 is efficiently extended to the 83rd harmonic, corresponding to the maximum momentum of the returning electrons from the positive-x direction, i.e., -2.9 a.u.. The other emission peak P 2 is obviously suppressed to the 21st harmonic, which corresponds to the maximum momentum of to accomplish MOT [9] . To this end, we have calculated the harmonic spectra by solving the 2D-TDSE with orientation angles of CO molecule varying form 0
• to 360
• with a step of θ=5
• . According to the strong-fild approximation (SFA) theory [42] , the induced dipole moment for HHG at frequency w can be expressed as a factorized expression
The first two factors a ion and a prop represent the amplitudes of tunneling ionization and propagation of the recolliding electron wave packet in the continuum, respectively. d(w, θ) is the recombination dipole moment between the initial orbital and the continuum wave function. The first two factors can be determined by calculating the harmonic spectrum of a reference atom that has the same ionization potential as the molecule (it is Kr for CO). Then in the plane-wave approximation, the HOMO of the molecule can be directly reconstructed by performing inverse Fourier transform of the recombination dipole moment d(w, θ) [9, 10, 15, 40] . In Fig. 3 , we use the odd harmonics ranging from 31st to 81st in the harmonic plateau to do the reconstruction. In Fig. 3(a) , we first present the Fourier-filtered ab initio (FFABI) orbital as a benchmark. To obtain the FFABI orbital, we first calculate the recombination dipole moment d ab (k) by using the ab initio orbital ψ ab (k, r) in terms of ψ ab (k, r) |r| e ikr . Then, the dipole d ab (k) is filtered for the same harmonic spectral range and orientation angles as in our reconstruction procedure.
Finally, the FFABI orbital is obtained by performing the inverse Fourier transform of the filtered dipole. Figure 3(b) show the reconstructed molecular orbital of CO using the inhomogeneous field. Comparing Fig. 3(b) with Fig. 3(a) , one can see that the reconstructed orbital shows good agreement with the FFABI result. In detail, there are three main lobes with the alternating positive and negative signs, separating by two nodal surfaces along the y direction. And the left and right main lobes show obvious difference, corresponding to the asymmetric structure of CO. Whereas, some additional ambient structures, which do not exist in the exact HOMO of the CO molecule, appear in Figs. 3(a) and 3(b) . This is due to the limited bandwidth of the harmonic spectra used in our reconstructions [12, 17, 18] . For comparison, we also reconstruct the molecular orbital with HHG in the homogeneous field.
In order to guarantee the same bandwidth of the harmonic spectrum, the laser intensity of the homogeneous field is raised to 7 × 10 14 W/cm 2 . The reconstructed orbital is presented in Fig. 3(c) . One can see that the left and right main lobes are almost the same, which fails to reproduce the asymmetric structure of the CO molecule. To further verify the quality of the reconstruction in the inhomogeneous field, the cuts along the internuclear axis (y = 0) for above three orbitals are depicted in Fig. 3(d) . It is shown that the two positive maxima (P L and P R ) and the negative maximum (P M ) of the reconstructed orbital in the inhomogeneous field (the green dashed line) agree well with that of the FFABI orbital (the red solid line). Moreover, P L is larger than P R . While, in the homogeneous field (the blue dotted line), the negative maximum P M and the right positive maximum P R show obvious difference from those of the FFABI orbital. Even worse, P L and P R are nearly comparable, which is inconformity to the exact HOMO of the CO molecule.
In summary, we have theoretically demonstrated to image the asymmetric molecular orbitals based on the HHG in a one-color inhomogeneous field. Under the control of the spatial-dependent laser field, the momentum of the returning electrons from the positive-x direction is extended to -2.9 a.u., while that from the negative-x direction is suppressed to 1.1 a.u.. As a consequence, the unidirectional recollision of the electron wave packet is achieved for HHG in a broad range from 31st to 81st, which therefore can be used for MOT of asymmetric molecules. With HHG in the inhomogeneous laser field, the highest occupied molecular orbital of CO has been successfully reconstructed, which shows quantita-8 tive agreement with the Fourier-filtered ab initio orbital. In this scheme, the unidirectional recollision of the electron wave packet benefits from the asymmetry of the inhomogeneous field in space. It doesn't require an ultrashort duration or a stable CEP of the driving laser field. Therefore, our scheme is helpful to relax the requirement of laser conditions for MOT of asymmetric molecules. Moreover, our approach can also be extended to some other asymmetric molecules. It is also worth mentioning that the harmonic cutoff extension in spatial inhomogeneous field will enrich the sampling in the spatial frequency domain, which is helpful to improve the accuracy of the reconstruction and therefore is more advantageous for MOT of both asymmetric and symmetric molecules.
